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PART FIVE 

HOIST SHAFT MINE COMMUNICATIONS 

INTRODUCTION 

During t h e  summer of 1973 w e  were asked t o  perform a  t h e o r e t i c a l  

i n v e s t i g a t i o n  of  t h e  p r o p a g a t i o n  of low frequency (LF) r a d i o  waves down 

deep (10,000 f e e t )  h o i s t s h a f t s *  f o r  t h e  c a s e  where t h e  h o i s t  c a b l e  ("rope") 

is t h e  on ly  m e t a l  conductor  p r e s e n t .  P ropaga t ion  i s  by means of t h e  TEM 

c o a x i a l  mode of t r a n s m i s s i o n  i n  which t h e  h o i s t  c a b l e  s e r v e s  a s  t h e  i n n e r  

conductor  and t h e  su r rounding  rock a c t s  a s  t h e  o u t e r  conductor .  

S i n c e  t h e  rock i s  a  r e l a t i v e l y  poor  e l e c t r i c a l  conductor  t h e  c u r r e n t  

i n  t h e  o u t e r  conduc tor  of t h e  c o a x i a l  l i n e  i s  n o t  conf ined  t o  a  v e r y  t h i n  

s u r f a c e  l a y e r  a s  i n  a m e t a l  c o a x i a l  c a b l e ,  b u t  s p r e a d s  r a d i a l l y  t o  a  d i s -  

t a n c e  t h a t  i s  g e n e r a l l y  many t i m e s  t h e  s h a f t  d iamete r .  Th i s  f e a t u r e  of 

t h e  wave p r o p a g a t i o n  r e q u i r e s  a  more s o p h i s t i c a t e d  t h e o r e t i c a l  t r e a t m e n t  

than  t h e  approximate  sk in -dep th  t h e o r y  t:hat i s  adequa te  f o r  metal c o a x i a l  

l i n e s .  

I n  t h i s  P a r t  w e  t reat  t h e  h o i s t  s h a f t  wave p r o p a g a t i o n  l o s s ,  charac-  

t e r i s  t i c  impedance, and t h e  f i e l d  c u r r e n t  d i s t r i b u t i o n s  i n  t h e  su r rounding  

rock  medium. We a l s o  show t h a t  t h e  l a r g e  p e n e t r a t i o n  of t h e  wave i n t o  

t h e  rock o u t e r  conductor  does  n o t  p r e s e n t  a  d i f f i c u l t  problem w i t h  r e g a r d  

t o  coup l ing  t h e  t r a n s m i t t e r  o r  r e c e i v e r  t o  t h e  t r a n s m i s s i o n  l i n e  w i t h  a  

minimum of i n s e r t i o n  l o s s ,  b u t  t h a t  t h e  l a r g e  impedance mismatch caused 

by t h e  c a p a c i t a n c e  t e r m i n a t i o n  between t h e  cage and s h a f t  w a l l  may w e l l  

be  t h e  most s i g n i f i c a n t  c o n t r i b u t i o n  t o  o v e r a l l  sys tem l o s s .  I n d u c t i v e  

c o u p l i n g  and impedance matching t o  t h e  h o i s t  r o p e / s h a f t  t r a n s m i s s i o n  l i n e  

a r e  a l s o  t r e a t e d  b r i e f l y .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  a  broad min- 

imum i n  o v e r a l l  sys tem l o s s  shou ld  occur  between 100 kHz and 1 MHz, p o s s i b l y  

c e n t e r e d  around 300 kHz. F u r t h e r  work i s  needed t o  b e t t e r  q u a n t i f y  t h i s  

s i g n a l  l o s s  b e h a v i o r ,  compare i t  w i t h  h o i s t  s h a f t  e l e c t r o m a g n e t i c  n o i s e  

s p e c t r a l  d a t a  r e c e n t l y  a c q u i r e d  by NBS, and i d e n t i f y  t h e  most f a v o r a b l e  

o p e r a t i n g  f r e q u e n c i e s .  

*This work complemented t h e  hardware  development of a new h o i s t  r a d i o .  
sys tem f o r  deep s h a f t s  by C o l l i n s  Radio Co. under C o n t r a c t  H0232056 f o r  
t h e  Bureau of Mines. 
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I. THE MODE C O N D I T I O N  

We approximate t h e  a c t u a l  r ec t angu la r  s h a f t  by a  cy l inde r  of c i r c u l a r  

c ross -sec t ion  of r ad ius  - b conta in ing  a  s t e e l  cab l e  of r ad ius  - a along i ts  

a x i s .  The dominant mode of propagat ion i n  such a  t ransmiss ion  l i n e  has  

a  radial ly-symmetr ic  t r ansve r se  magnetic f i e l d  H which, f o r  a  < r 5 b 
8 - - 

has t h e  form 

where A and B a r e  a r b i t r a r y  cons t an t s  and J and Y a r e  f i r s t  o rder  1 1 
Bessel func t ions  of t h e  f i r s t  and second k ind ,  r e s p e c t i v e l y .  The r a d i a l  

and l o n g i t u d i n a l  wave v e c t o r  components k  and k s a t i s f y  t h e  condi t ion  r z  

where X i s  t h e  f r e e  space  wavelength. 

The e l e c t r i c  f i e l d  components a r e  given by t h e  c u r l  components 

which, from (1) and the  p r o p e r t i e s  of t h e  Besse l  func t ions ,  g ive  

ik, -.ik,z 
Er = - 

iw0 [AJl(krr) + BYl(+) I e  

The f i e l d s  given by ( I ) ,  ( 5 ) ,  and (6) r ep re sen t  an exac t  s o l u t i o n  of 

Maxwell's equa t ions .  

* References t o  F igu re s ,  Tables ,  and Equations apply t o  those  i n  t h i s  
P a r t  un l e s s  o therwise  no ted .  

*.a" 
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I n  t h e  conducting rock surrounding t h e  s h a f t  ( r  > b) t h e  r a d i a l  p a r t  

of t h e  s o l u t i o n  must correspond t o  an outgoing t r a v e l i n g  wave. The 

s o l u t i o n  t h e r e f o r e  has  t h e  form 

where H:~) and H:~) a r e  t h e  Hankel func t ions  given by 

C is an a r b i t r a r y  c o n s t a n t ,  E i s  t h e  complex p e r m i t t i v i t y  of t h e  rock ,  

and k r l  is given by t h e  r e l a t i o n  

where K = E / E ~  is  t h e  complex d i e l e c t r i c  cons tan t  of t h e  rock.  

A t  t h e  w a l l  of t h e  s h a f t  t h e  boundary condi t ions  t h a t  H and E a r e  con- 
8 z 

t inuous g ive  t h e  r e l a t i o n s  

Arthur I> Little, Inc. 



A t  t h e  i n n e r  conductor ( r = a ) t h e  conduct iv i ty  of t he  s t e e l  i s  s o  

high t h a t  t h e  boundary condi t ion  is  simply E = 0 .  Therefore  from 
z 

(61, 

Equations (13) ,  (14) ,  and (15) a r e  homogeneous i n  A ,  B and C .  The requi re -  

ment f o r  cons is tency  of t he se  equa t ions  g ives  t he  mode cond i t i on  

r -1 

Equations (16) ,  (2) and (12) determine e x a c t l y  t h e  allowed va lues  of 

k r ,  k Z  and k t r  f o r  a l l  modes of propagat ion having a t r a n s v e r s e  a x i a l l y -  

symmetric magnetic f i e l d .  We a r e  only i n t e r e s t e d  i n  t h e  lowest  such mode, 

which approximates a TEM mode. 

11. PROPAGATION LOSS 

For f requenc ies  i n  t h e  range 20-200 kHz, k r a ,  k b and k ' rb  a r e  a l l  sma l l  r 
q u a n t i t i e s .  Therefore  t h e  Besse l  func t ions  i n  (16) can b e  approximated 

by t h e  f i r s t  terms i n  t h e i r  s e r i e s  expansions,  namely 

2 
y0(x) = - ( log  x + 0.577 - l og  2) 

TT 
2 

Y1(x) = - - 
TTX 

2 i  
H = 1 - - ( l o g  x + 0.577 - l o g  2) 

n T 
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Equation (16) then reduces t o  
'1 

7rikrtL 
k 2 =  

b 
2i ( l og  k r t b  + 0.577 - l o g  2 ) ]  [ l  - - r 7~ 

(23) 
2K l o g  - 

a 

The d i e l e c t r i c  cons t an t  of a conducting medium is given approximately 

by t h e  r e l a t i o n  

For t h e  case  a = 0.01  mho/m and f = 50 kHz, K = -3597 i. Therefore  

from (12 ) ,  t o  a very  good approximation, 

s i n c e  k is of t h e  same o rde r  a s  k and can t h e r e f o r e  b e  neglec ted  r o 
compared wi th  K k 2 .  On s u b s t i t u t i n g  t h i s  va lue  of k r v 2  i n t o  (23) , and 

0 rl 

L 
then  s o l v i n g  (2) f o r  kZ  , w e  f i n d  t h a t  

k 2 = k 2  [ l -  7Ti - - 
z o b ( l o g k o b * + 0 . 5 7 7  - l o g 2 )  (26) 

2 l o g  
b 

l o g  - 
a 

W e  t ake  t h e  fol lowing va lues  of t h e  cons t an t s :  

50 kHz 

6,000 m 
-3 -1 

1.047 x 10 m 

4 f t .  = 1 .2  m 

0.875 i n .  = 0.0222 m 

C.01 mho/m 

8.85 x 10-l2 farad/m 

-3597 i 
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Then w e  f i n d  

For a 10,000 f o o t  s h a f t  (3050m), t h e  propagat ion l o s s  i s  t h e r e f o r e  

111. SURFACE IMPEDANCE METHOD 

An a l t e r n a t i v e  way t o  c a l c u l a t e  t h e  propagat ion l o s s  is by means 

of t h e  s u r f a c e  impedance Z of t h e  w a l l  of t h e  s h a f t  which is def ined  
S 

From (7) and (9) t h i s  becomes 

With t h e  same approximations a s  be fo re  t h i s  becomes 

- - -  koL 
Zs 4wco ( log  kob&+ 0.577 - l o g  2 ) ]  

IT 

W e  now i n s e r t  Z a s  a s e r i e s  impedance i n t o  t h e  u s u a l  t ransmiss ion  
S 

l i n e  formula f o r  t h e  propagat ion cons t an t :  

Arthur D Little, Inc. 



I t o  o b t a i n  t h e  formula 

where w e  assume t h a t  t h e  r e s i s t a n c e  R pe r  u n i t  l eng th  of t h e  i n n e r  con- 

duc tor  i s  n e g l i g i b l e  compared w i t h  Z and t h a t  t h e r e  i s  no shunt  con- s 
ductance . 

Since 

Equation (31) becomes 

kL' L 

where uo = 4nx10-~  henry/m. 0  WE^'-'^' 

2 2 2 r i w ~  Z 
0 S k = k  - z o b l og  - 
a 

This  formula becomes i d e n t i c a l  w i th  Equation (26) when t h e  express ion  (29) 

i s  s u b s t i t u t e d  f o r  Z . 
s 

( Table 1 gives  va lues  of Z c a l c u l a t e d  by means of Equation (29) f o r  
S 

f requenc ies  i n  t h e  range 30-3,000 kHz and c o n d u c t i v i t i e s  i n  t h e  range 

t o  10-I mho/m. It is of i n t e r e s t  t h a t  t h e  r e a l  p a r t  of t h e  s u r f a c e  

(impedance R = wpo/8, is  independent of t h e  conduc t iv i t y  and t h e  r a d i u s  
S 

lof t h e  s h a f t .  The v a l u e  of Zs f o r  3,000 kHz and 0 .01  mho/m is somewhat 

1 u nce r t a in ,  s i n c e  t h e  approximations used a r e  n e a r  t h e  l i m i t  of t h e i r  

l v a l i d i t y  f o r  t h e s e  va lues .  

Arthur D Little, lncl 
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The r e s i s t a n c e  of the  s t a i n l e s s  s t e e l  center  conductor of radius  

0.0222m and conductivi ty l o6  mho/m i s  given i n  Table 2 .  The r e s u l t s  

inc lude  the  e f f e c t  of the  s k i n  depth of penet ra t ion  i n t o  the  cable.  It 

i s  seen t h a t  the  cable r e s i s t a n c e  i s  small  compared with the  r e a l  p a r t  

of t h e  su r face  impedance given i n  Table 1 a t  a l l  f requencies ,  and there- 

f o r e  has l i t t l e  e f f e c t  on propagation l o s s .  

Table 2 

Resistance of Center Conductor f o r  
6 

a = .0222m, a = 10 mho/m 

Table 3 gives the propagation l o s s  i n  dB f o r  t h e  same range of 

frequency and conduct iv i ty ,  ca l cu la t ed  by means of Equation (36) f o r  

a 10,000 foo t  s h a f t .  It is  seen t h a t  the  l o s s  is  very low a t  30 kHz 

and q u i t e  moderate a t  300 kHz. However the  l o s s  i s  excessive a t  3,000 

kHz. It i s  t o  be noted t h a t  the  l o s s  is almost independent of conductivi ty.  

Arthur D Little, Inc 



Table 3 

Propagation Loss, L (dB) 

( f o r  b = 1.2m, a = 0.0222m, z = 3050m) 

.- 
Arthur D Little, Inc. 



I V .  CHARACTERISTIC IMPEDANCE 

The c h a r a c t e r i s t i c  impedance of a t ransmission l i n e  is  given by the  

expression 

In  t h e  case  of the  s h a f t  t ransmission l i n e  G = 0 and R = Z s ,  which i s  

the  su r face  impedance given by Equation (29) o r  Table 1. Then (37) 

becomes, 

where L and C a r e  given by (33) and (34). 

For f = 100 kHz and o = mho/m, we f ind  t h a t  Z, = 0.0986 + 
0.44021 ohm/m, iwL = (0.501) i ohm/m, ioC = (8.76 x 10%) i(ohm/m)-l, 

and Zo = 327 - 17 i ohms. For 0 = mho/m, we get :  

Table 4 

C h a r a c t e r i s t i c  Impedance 
( f o r  mho/m, b-1.2 m,  a=0.0222 m) 

zo 
(ohms) 

For comparison, Zo = 239 ohms f o r  an al l -metal  t ransmission l i n e  with the  

same dimensions. 

Arthur D Little, Inc. 



V .  CURRENT DISTRIBUTION I N  THE SURROUNDING MEDIUM 

From Equation ( 7 )  t h e  magnetic f i e l d  i n  the  rock i s  given by 

H ~ ( ~ )  (kr r )  

H , ( ~ )  (kr 'b) 

The current  dens i ty  is  the re fo re  given by 

Although kt r is  smal l  compared with 1 a t  t h e  w a l l  of the  s h a f t ,  t h i s  r 
is  not  t r u e  f o r  l a r g e r  values of r where the  cu r ren t  dens i ty  is s t i l l  

appreciable.  Therefore we cannot now use only t h e  f i r s t  term of the  

expansion of the  Hankel funct ion .  However, s ince ,  from (24) and (25),  
I 

kr 
has equal  r e a l  and imaginary p a r t s ,  we can w r i t e  

and use the  tabula ted  funct ions* k e r  (x) and ke i (x)  t o  obta in  t h e  

r e a l  and imaginary p a r t s  of t h e  Hankel funct ion .  The r e l a t ionsh ips  a r e  

where 

* Handbook of Mathematical Functions, Ed. M e  Abramowitz and I . A .  Stegun, - 
National  Bureau of Standards, U.S. Department of Commerce, June 1964, 
p. 431. 

Arthur D Little, Inc 



from (41) above, s o  t h a t  

JZ(x)  = J r e a l  (x) + iJ  imag (x) 

where J (x) a ke r (x )  and J real 

Of p a r t i c u l a r  i n t e r e s t  t o  t h e  coupl ing of s i g n a l s  t o  t h e  s h a f t  i s  

t h e  cumulative d i s t r i b u t i o n  of v e r t i c a l  c u r r e n t  i n  t he  rock a s  a  func t ion  

of r a d i a l  d i s t a n c e ,  r .  

Therefore  we have computed the  dimensionless  q u a n t i t y  

2 2 
I ( x )  = 'I r e a l  + I imag 

which is p r o p o r t i o n a l  t o  I ( r ) ,  where z  

and 

x x J (x) dx r e a l  
' real  = 1 

Xo Xo J r e a l  (x,) 

x J (x) dx =I x 

imag 
Iimag 

o J r e a l  (xo) 
0 

Arthur D Little, Inc. 



X J  (x> X J  r e a l  imag (xj 
The q u a n t i t i e s  - and - , which a r e  propor t ional  

X o  J r e a l  (x0) 
X 

o J r e a l  ( xo) 

t o  t h e  r e a l  and imaginary p a r t s  of t h e  current  flowing i n  an annulus of 

i n f i n i t e s i m a l  width dx a t  radius  x, a r e  p l o t t e d  i n  Figure 1, while the  

quant i ty  I ( x )  i s  p l o t t e d  i n  Figure 2. 

I n  each p l o t ,  the  dimensionless radius  of t h e  s h a f t  wa l l ,  xo, has 

been s e t  equal  t o  0.1. I n  view of equation (50), f o r  a  s h a f t  radius  

b = 4 f e e t  = 1.2 meters,  x = 0 .1  corresponds t o  a  k r = 0.083 m - l .  Since 
i o  

k = ko ~ l q a n d  k = - - t h i s  means t h a t  f o r  a  rock conductivi ty o = 
WE, u 

0.01 mho/m, the  corresponding frequency is  equal t o  87 kHz and K = -20671. 

Other combinations of f ,  o ,  and b w i l l  produce d i f f e r e n t  values of xo. 

V I .  COUPLING TO THE TRANSMISSION LINE 

The o v e r a l l  communication e f f i c i e n c y  between t r ansmi t t e r / r ece ive r  

u n i t s  loca ted  on the  sur face  and i n  t h e  cage w i l l  be inf luenced no t  only 

by the  l i n e  a t t enua t ion  l o s s .  It w i l l  a l s o  depend on t h e  l o s s e s  caused 

by the  methods used t o  e s t a b l i s h  t h e  r e tu rn  cu r ren t  path i n  t h e  rock, and 

more important ly on the  l o s s e s  due t o  impedance mismatches and standing 

waves. These l a t t e r  lo s ses  w i l l  be caused by t h e  high impedance capaci- 

t i v e  terminat ion a t  the  cage end of the  l i n e ,  t h e  low res i s t ance  sheave 

wheel grounding terminat ion on the  su r face ,  and the  couplers used t o  

induct ive ly  couple s i g n a l s  onto the  t ransmission l i n e  v i a  the  h o i s t  rope. 

A ,  S p a t i a l  Coupling Factors  f o r  the  Return Paths.  

Examination of Figure 2 r evea l s  t h a t  the  r e tu rn  current  i s  widely 

d i s t r i b u t e d  i n  the  rock f o r  t y p i c a l  values of b = 1.2m, o = 0.01 mho/m, 

and f  = 87 kHz. A t  f i r s t  t h i s  would seem t o  imply t h a t  low l o s s  coupling 

from the  t r a n s m i t t e r  i n t o  t h e  fundamental t ransmission-l ine mode requ i re s  

a  system of return-current  e l ec t rodes  implanted i n  t h e  ground over a  c i rcu-  

l a r  a rea  of diameter equal  t o  about 10-20 ho i s t - sha f t  diameters.  We w i l l  

now show, however, t h a t  t h e  l o s s  is  a c t u a l l y  q u i t e  small  even when t h e  a rea  

covered by t h e  e l ec t rodes  i s  only comparable with the  cross-sec t ional  a r e a  

of t h e  s h a f t  i t s e l f .  

5.14 
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FIGURE 1 DIMENSIONLESS CURRENT FACTORS FOR ANNULUS AT RADIUS X 
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X 

FIGURE 2 DIMENSIONLESS CUMULATIVE CURRENT I(x) VERSUS x 
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The argument is  t h a t  we can d iv ide  t h i s  coupling problem i n t o  two 

p a r t s ,  t h e  f i r s t  being concerned with current  flow from an e l ec t rode  out 

t o  about one skin-depth, and the  second having t o  do wi th  t h e  t r a n s i t i o n  

from t h i s  region,of  e s s e n t i a l l y  sphe r i ca l  spreading (or  converging) of 

t h e  cu r ren t , to  t h e  region of t ransmission-l ine propagation beyond one 

skin-depth, i n  which t h e  current  flow is  mainly i n  t h e  z-d i rec t ion .  

I n  t h e  f i r s t  region t h e  current  flow p a t t e r n  is  approximately l i k e  

t h a t  of d i r e c t  cu r ren t  from a hemispherical e l ec t rode  embedded i n  a  semi- 

i n f i n i t e  r e s i s t i v e  medium, with i t s  f l a t  face  f l u s h  wi th  t h e  su r face  of 

t h e  medium. The cu r ren t  flow i n  t h i s  case is  radial,  and t h e  t o t a l  r e s i s t -  

tance t o  flow is  cont r ibuted  almost e n t i r e l y  by t h e  volume wi th in  a  few 

hemisphere r a d i i .  The spreading r e s i s t a n c e  is  

where a  is  the  radius  of t h e  hemisphere and a i s  the  conduct iv i ty  of t h e  
0 

rock. 

The spreading r e s i s t a n c e  is  not  very s e n s i t i v e  t o  t h e  exact  e l ec t rode  

shape. A shape of i n t e r e s t  i n  t h e  h o i s t  problem, a t  both t h e  t r a n s m i t t e r  

and rece ive r ,  is  t h a t  of a  hollow c y l i n d r i c a l  e l ec t rode  of length  2 i n  

contac t  wi th  t h e  w a l l  of t h e  s h a f t .  I n  p r a c t i c e ,  such an e l ec t rode  a t  

t he  sur face  end of t h e  s h a f t  w i l l  most l i k e l y  be approximated by th ree  

o r  more roof b o l t s  connected i n  p a r a l l e l  and driven i n t o  the  w a l l  of t h e  

s h a f t ,  equal ly  spaced around i t s  perimeter .  A t  t h e  cage end, t h e  

"electrode" w i l l  be a  c y l i n d r i c a l  capaci tance "connection" formed by t h e  

a i r  space between t h e  ou te r  wa l l s  of the  cage and the  wa l l s  of t h e  s h a f t .  

A t  t h e  t r a n s m i t t e r ,  t he  cyl inder  w i l l  a c t  approximately l i k e  t h e  above 

mentioned hemisphere having the  same a rea  of curved su r face  a s  the  

cyl inder .  The equivalent  hemispherical r ad ius  i s  then 
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where b is  t h e  s h a f t  r ad ius .  For o = 0.01 mho/m, b = 1 . 2  m, R = 3 m, we 

f i n d  from (51) and (52) t h a t  Rs i s  only  8.4 ohms. This  r e s i s t a n c e  is i n  

series wi th  t h e  c h a r a c t e r i s t i c  impedance of  t h e  t ransmiss ion  l i n e ,  which 

has  a r e a l  p a r t  of about 300 ohms. Therefore ,  f o r  a = . O 1  ohm/m, t h e  

spreading  r e s i s t a n c e  has  n e g l i g i b l e  e f f e c t .  For o = .001 ohm/m, Rs i s  

84 ohms, and should be  allowed f o r  i n  t h e  design of t h e  d r i v i n g  c i r c u i t .  

A t  t h e  r e c e i v e r  t h e  equ iva l en t  shpere  r ad ius  i s  a. = J b n  bu t  t h e  

spreading  r e s i s t a n c e  is  now 1 / ( 4 r a o o ) .  Thus, t h e  spreading  r e s i s t a n c e  i s  

lowered by a f a c t o r  of 2 .  This  r e s i s t a n c e  is i n  series wi th  t h e  capaci-  

t i v e  r eac t ance  between t h e  cage and t h e  s h a f t  w a l l  a s  w e l l  a s  w i th  t h e  

c h a r a c t e r i s t i c  impedance of t h e  t ransmiss ion  l i n e .  

W e  now t u r n  t o  t h e  t r a n s i t i o n  from s p h e r i c a l  spreading  t o  t h e  t r ans -  

mission l i n e  mode of c u r r e n t  flow. For s i m p l i c i t y  we assume t h a t  t h e  

t r a n s i t i o n  occurs  sharp ly  a t  t h e  plane z = 6 ,  where 6 i s  t h e  skin-depth 

given by t h e  formula 

For t h e  va lues  f  = 87 kHz and o = 0.01 mho/m corresponding t o  b = 1.2  m 

and x = 0.1,  a s  i n  F igures  1 and 2 ,  w e  f i n d  t h a t  6 = 1 7  m. 
0 

I n  t h e  spher ica l - spreading  reg ion  t h e  c u r r e n t  d e n s i t y  depends on t h e  

s p h e r i c a l  r a d i u s  r according t o  t h e  r e l a t i o n  
S 

where A is  an a r b i t r a r y  cons t an t .  On t h e  p lane  z = 6 t h e  z = component 

of j i s  given by 

A6 
j Z ( r )  = (62 + r2)3/2,  

where r i s  t h e  c y l i n d r i c a l  r a d i a l  coord ina te .  
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We regard  j ( r )  a s  d r i v i n g  t h e  va r ious  modes of  t h e  t ransmiss ion  l i n e .  z  
The power coupl ing cons tan t  C f o r  t h e  fundamental TEM mode i s  given by t h e  

formula 

JZ* jz  r d r  

where JZ is  t h e  z - component of c u r r e n t  d e n s i t y  i n  t h e  t r ansmis s ion  l i n e  

mode. The numerator i s  t h e  ove r l ap  i n t e g r a l  between J and j . The z  z  
i n t e g r a l s  i n  t h e  denominator a r e  normalizing f a c t o r s .  It i s  seen  t h a t  

when jZ has  t h e  same r-dependence a s  J C = l .  On t h e  o t h e r  hand, when 
Z '  

jz  is  or thogonal  t o  J C=O. z '  

On changing t o  t h e  dimensionless  v a r i a b l e  x  given by (44) and sub- 

s t i t u t i n g  from (40) f o r  J Z ( r )  and from (55) f o r  jZ we f i n d  approximately 

on exp re s s ing  t h e  r e s u l t  i n  terms of t h e  k e r  and k e i  func t ions  

(Equations 42 and 43) ; 3 

ke r (x )  xdx k e i ( x )  xdx 

C = (57) Im x [(ker(x)12 + ( k e i ( x ) ) ~ ]  xdx 

0 

On t ak ing  xo = 0 .l, 6 = 17 m,  and b = 1 .2  m,  we f i n d  by numerical  i n t eg -  

r a t i o n  of t h e  i n t e g r a l s  i n  (57) t h a t  C = 0.7 = -1.5 dB. 

Therefore ,  t h e  i n i t i a l  s p h e r i c a l  spreading  of t h e  c u r r e n t ,  over  a  

d i s t a n c e  of t h e  o r d e r  of  a  s k i n  depth (from r e l a t i v e l y  smal l  e l e c t r o d e s  

such as t h e  above mentioned c y l i n d r i c a l  e l e c t r o d e  approximations f o r  t h e  

s u r f a c e  ground connect ion and t h e  cage c a p a c i t i v e  coupl ing geometr ies)  

y i e l d s  a  c u r r e n t  d i s t r i b u t i o n  t h a t  matches t h e  fundamental mode shape 

q u i t e  w e l l ,  thereby c o n t r i b u t i n g  only  a  very smal l  l o s s  f a c t o r .  Taken 

toge the r  w i th  t h e  r e l a t i v e l y  s m a l l  sp read ing  r e s i s t a n c e  e f f e c t s ,  t h e  

l o s s e s  due t o  s p a t i a l  coupl ing f a c t o r s  f o r  t h e  r e t u r n  cu r r en t  pa th  w i l l  

no t  be  major c o n t r i b u t o r s  t o  o v e r a l l  system l o s s  a t  t h e  f requenc ies  of  

i n t e r e s t .  

5.19 

Arthur D Little, Inc. 



B . Caee C a ~ a c i t  i v e  Termination 

F i r s t  order  ca lcu la t ions  f o r  the  cage-to-shaft-wall capaci tance y i e l d  

values between 110 and 460 p f .  The smaller  of these  va lues  i s  the  f r e e  

space capaci tance of a one-meter radius  conducting sphere,  while t h e  

l a r g e r  is the  capci tance between a 5.5 x 5.5 x 13 foo t  conducting box 

placed i n  an 8.8 x 8.8 foo t  conducting enclosure,  neglec t ing  f r ing ing  

e f f e c t s .  Choosing a nominal capaci tance value equal  t o  the  geometric 

mean, 224 p f ,  we ob ta in  t h e  following capaci t ive  reactance values over 

the  frequency range of i n t e r e s t  ( see  Table 5 ) .  

Table 5 

C a ~ a c i t i v e  Reactance of Caee Termination 
( f o r  C = 224 p f )  

xc 
(Ohms) 

A t  f requencies below about 100 kHz, t h i s  reactance i n  s e r i e s  with 

t h e  nominal 300 ohm c h a r a c t e r i s t i c  impedance of the  l i n e s  w i l l  produce 

a l a r g e  mismatch and standing wave vol tage  and current  v a r i a t i o n s  down 

the  s h a f t .  It w i l l  a l s o  produce s u b s t a n t i a l  reductions i n  t h e  s i g n a l  

vol tages  appearing across  the  t r ansmi t t e r / r ece ive r  u n i t s ,  which a r e  

i n  s e r i e s  wi th ,  and of considerably lower impedance than,  the  capac i t ive  

reactance of the  cage a t  these  frequencies.  Two p o t e n t i a l  so lu t ions  t o  

these  problems a r e  t o  r a i s e  t h e  impedance l e v e l s  of the  t r a n s m i t t e r /  

r ece ive r  u n i t s  and t o  r a i s e  the  operat ing frequency. The l a t t e r  so lu t ion  

a l s o  he lps  t o  achieve the  former, a s  w i l l  be discussed b r i e f l y  i n  t h e  

next sec t ion  . 
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C .  I nduc t ive  Coupling and Impedance Matching t o  t he  Hois t  Rope. 

Since i t  is  no t  f e a s i b l e  t o  p l ace  a break i n  t h e  h o i s t  rope t o  i n s e r t  

t h e  s u r f a c e  and cage t r a n s m i t t e r l r e c e i v e r  u n i t s ,  t h e  s i g n a l s  must be i n -  

d u c t i v e l y  coupled onto  and o f f  t h e  h o i s t  r o p e l s h a f t  t ransmiss ion  l i n e .  

One way t o  accomplish t h i s  i s  through t h e  use  of f e r r i t e  o r  powdered i r o n  

t o r o i d a l  core  c o u p l e r / i s o l a t o r s  s i m i l a r  t o  t he  one descr ibed  i n  Chapter I1 

of P a r t  S i x  of t h i s  Volume, and shown i n  F igures  1 and 6 of t h a t  Chapter.  

I n  P a r t  S ix ,  t h e  t o r o i d a l  c o u p l e r / i s o l a t o r  wi th  i t s  a s s o c i a t e d  c a p a c i t o r  

is  placed around t h e  t r o l l e y  po l e  drop w i r e ,  a s  shown i n  F igure  1 A  of  

Chapter 11, t o  add impedance i n  s e r i e s  wi th  t he  t r o l l e y  motors a t  t h e  

t r o l l e y  w i r e  c a r r i e r  phone frequency of 88 o r  100 kHz. This  is  t o  prevent  

t h e  t r o l l e y  motors from a c t i n g  as a s i g n a l  "shor t s"  ac ros s  t h e  t r o l l e y  w i r e  

t ransmiss ion  l i n e .  It a l s o  provides  an a l t e r n a t i v e  method f o r  coupl ing 

t h e  c a r r i e r  phone t o  t h e  t r o l l e y  wi re  t ransmiss ion  l i n e .  The c a p a c i t o r  

and o p t i o n a l  r e s i s t o r  shown i n  t h e s e  f i g u r e s  a r e  used t o  tune t h e  t o r o i d a l  

core  i s o l a t o r  and a d j u s t  i t s  Q ,  t o  ob t a in  t h e  d e s i r e d  impedance l e v e l  and 

i s o l a t o r  s e l e c t i v i t y  a t  t h e  frequency of i n t e r e s t .  

This  type of t o r o i d a l  c o u p l e r / i s o l a t o r  should be a p p l i c a b l e  t o  h o i s t '  

rope communication systems,  f i r s t  as a s i g n a l  coupler  and second a s  an 

impedance matching i s o l a t o r .  For example, a t  t h e  s u r f a c e  end of t h e  h o i s t  

rope i t  could be  used n o t  only t o  couple  t h e  t r a n s m i t t e r l r e c e i v e r  u n i t s  t o  

t h e  h o i s t  rope-shaft  t ransmiss ion  l i n e ,  bu t  t o  a l s o  add t h e  a p p r o p r i a t e  

amount of matching impedance i n  s e r i e s  w i th  t h e  low impedance sheave wheel/ 

ground connec tors ,  thereby prevent ing  s t and ing  wave i n t e r f e r e n c e  e f f e c t s  

dur ing  cage t o  s u r f a c e  t r ansmis s ions .  A t  t h e  cage end of t h e  h o i s t  rope,  

t h e  r o l e  of t h e  t o r o i d a l  dev ice  w i l l  most l i k e l y  be  l i m i t e d  only t o  

t r a n s m i t t e r l r e c e i v e r  h o i s t  rope coupl ing,  because of  t h e  a l r e a d y  l a r g e  

r eac t ance  t e rmina t ion  presen ted  by t h e  cage-to-shaft  w a l l  c apac i t ance ,  

as g iven  i n  Table 5. 
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The impedance l e v e l s  ob t a inab le  from reasonably smal l  c o u p l e r / i s o l a t o r  

s t r u c t u r e s  can be e a s i l y  es t imated  by u t i l i z i n g  t h e  design d a t a  e s t a b l i s h e d  

f o r  t h e  t r o l l e y  motor i s o l a t o r  descr ibed  i n  Chapter I1 of P a r t  S ix .  For t h e  

same s i x  p a i r s  o f  I and U f e r r i t e  cores  used i n  t h e  i s o l a t o r  p i c t u r e d  i n  

F igures  6 and 7 of t h a t  Chapter,  Figure 7 r evea l s  t h a t  f o r  a nominal 

minimum a i r  gap* of  0.005", t he  s ing l e - tu rn  inductance w i l l  be  19 micro- 

h e n r i e s .  The corresponding reac tance  and resonant  impedance l e v e l s  a r e  

given below i n  Table 6 of t h i s  s e c t i o n  f o r  t h e  i nd i ca t ed  s e l e c t i v i t i e s .  

The 3 kHz bandwidth s e l e c t i v i t y  chosen f o r  f requenc ies  below 80 kJ3z is  

app l i cab l e  t o  s i n g l e  sideband modulation, while  t h e  12 kHz bandwidth 

chosen f o r  f requenc ies  above 80 kHz is  app l i cab l e  t o  narrowband frequency 

modulation. 

Table 6 

Induc t ive  Reactance, Resonant Impedance, and Q 
f o r  a  Small Single-Turn Toro ida l  ~ o u ~ l e r / I s o l a t o r  

For 3 kHz Bandwidth For 1 2  kHz Bandwidth 
(kHz) (ohms) Zres (ohms) Q Zres (ohms) Q 

* A much l a r g e r  a i r  gap was r equ i r ed  f o r  t h e  t r o l l e y  w i r e  c a r r i e r  phone 
a p p l i c a t i o n ,  t o  prevent  core  s a t u r a t i o n  by t h e  l a r g e  DC c u r r e n t s  flowing 
i n  t h e  t r o l l e y  wi re  t o  power t h e  t r o l l e y  motors.  
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Table 6 i n d i c a t e s  t h a t  va lues  of  impedance comparable t o  t h e  h o i s t  

rope t ransmiss ion  l i n e  c h a r a c t e r i s t i c  impedance of about  300 ohms a r e  

e a s i l y  achieved above 100 kHz, even f o r  t h i s  small-s ized i s o l a t o r . *  

Consequently, l a r g e r  t o r o i d a l  c o u p l e r / i s o l a t o r s  of t h i s  type should be  

i n v e s t i g a t e d  f u r t h e r  f o r  t h e i r  p o t e n t i a l  a p p l i c a t i o n  a s  coup le r s  and 

impedance matching devices  i n  h o i s t  s h a f t  communication systems. 

V I I .  CONCLUDING REMARKS 

A s  s t a t e d  i n  Chapter V I  of t h i s  P a r t ,  r a i s i n g  t h e  ope ra t i ng  frequency 

t o  above 100 kHz o f f e r s  s e v e r a l  advantages f o r  reducing t h e  o v e r a l l  system 

l o s s .  For example, examination of Tables 3 ,  5 ,  and 6 f o r  propagat ion l o s s ,  

cage r eac t ance ,  and coupler  impedance, r e s p e c t i v e l y ,  r e v e a l s  t h a t  ope ra t i on  

at  a frequency i n  t h e  v i c i n i t y  of  300 kHz should l ead  t o  s u b s t a n t i a l l y  

reduced o v e r a l l  l o s s  over  t h a t  ob t a inab le  a t  f requenc ies  below 100 kHz o r  

a t  f requenc ies  above 1000 kHz. A s  t he  frequency i s  inc reased  t o  around 

300 kHz, t h e  ga in  i n  s i g n a l  vo l t age  a c r o s s  t h e  t r a n s m i t t e r / r e c e i v e r  coup- 

l i n g  u n i t s  due t o  reduced cage r eac t ance  and inc reased  coupler  impedance, 

more than  o f f s e t s  t h e  e f f e c t s  of i nc reased  propagat ion l o s s .  However, 

t he se  minima should be l e s s  severe  ( i . e . ,  have a sma l l e r  VSWR) a t  t h e  

h ighe r  frequency of 300 kHz because of t h e  g r e a t e r  d i f f e r e n c e  i n  r e l a t i v e  

s t r e n g t h s  of  t h e  i nc iden t  and r e f l e c t e d  waves ( a s  a r e s u l t  of t h e  h igher  

a t t e n u a t i o n  r a t e  a long t h e  t ransmiss ion  l i n e  and t h e  sma l l e r  mismatches 

ach ievable  f o r  t h e  cage and coupler  impedances r e l a t i v e  t o  t h e  t r ans -  

mission l i n e  c h a r a c t e r i s t i c  impedance) . 

* The o u t s i d e  dimensions of t h i s  p a r t i c u l a r  i s o l a t o r  a r e  4-1/2" x 4-1/4" 
x 6", t h e  i n s i d e  dimension 1-1/4" x 2" x 6", making i t  too  small, 
e s p e c i a l l y  i n  c ros s - sec t ion ,  f o r  use  wi th  t h e  1-3/4" diameter  h o i s t  
rope a p p l i c a t i o n  of i n t e r e s t .  The h o i s t  rope a p p l i c a t i o n  r e q u i r e s  a 
much l a r g e r  c e n t r a l  opening i n  t h e  core ;  n o t  only t o  accommodate t h e  
l a r g e  diameter  h o i s t  rope,  bu t  a l s o  t h e  l a t e r a l  motion of t h e  rope 
p a r t i c u l a r l y  a t  t h e  t op  of t h e  s h a f t .  This  need may r e q u i r e  t h e  use  
of non-standard custom-made co re s .  
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I n  sum, o u r  pre l iminary  f i nd ings  i n d i c a t e  t h a t  an ope ra t i ng  frequency 

i n  t h e  v i c i n i t y  of  300 kHz may o f f e r  decided performance advantages over  

t h a t  ob t a inab le  a t  s u b s t a n t i a l l y  h ighe r  and lower f requenc ies .  These 

f i nd ings  need t o  be v e r i f i e d  and b e t t e r  q u a n t i f i e d  by conducting a  more 

comprehensive o v e r a l l  systems a n a l y s i s  and opt imiza t ion ,  i nc lud ing  t h e  

e f f e c t s  of  e lec t romagnet ic  no i se .  

Arthur D Little, Inc. 




